Abstract
INTRODUCTION
Many biodiversity experiments have shown a positive relationship between plant species richness (SR) and productivity (Balvanera et al. 2006; Cardinale et al. 2012; Hooper et al. 2005) . However, the mechanisms underlying this positive biodiversity effect are still debated Cardinale et al. 2011; de Kroon et al. 2012; Kuebbing et al. 2015; Schnitzer et al. 2011) . One of the main hypotheses is that positive biodiversity effects on productivity are the result of resource complementarity. Different plant species differ in resource uptake strategy, which results in complementarity in resource uptake when plant species are growing together. In species-rich plant communities, resources will thus be more completely exploited in space and time than in species-poor plant communities (e.g. Berendse 1982; Cardinale et al. 2007 Cardinale et al. , 2011 Roscher et al. 2012; Tilman et al. 1997b) .
It has been suggested that resource complementarity occurs mainly belowground (Bardgett et al. 2014; Fischer et al. 2014; de Kroon et al. 2012; van Ruijven and Berendse 2005; Yang et al. 2015) . However, empirical studies that have investigated resource complementarity belowground are scarce and the results are mixed. The most classical example of resource complementarity is in differential root distribution patterns (i.e. vertical niche differentiation) among individual plant species (Berendse 1982; Fitter 1986; Parrish and Bazzaz 1976; Silvertown et al. 2015) . Differentiation in rooting depth (RD) could imply that species are able to acquire water and nutrients from separate parts of the soil (e.g. shallow and deep soil layers), thereby decreasing resource competition and increasing resource exploitation. However, experimental tests of vertical niche differentiation in terms of nutrient uptake (Bachmann et al. 2015; Hoekstra et al. 2015; Schultz et al. 2012; von Felten et al. 2009) or root biomass distribution (Mommer et al. 2010; Ravenek et al. 2014) have yielded little evidence supporting resource complementarity in grassland biodiversity experiments.
An alternative approach to reveal resource complementarity is to focus on the functional traits of the species involved. Several studies have shown that species composition (Avolio et al. 2014; Hector et al. 2011) and functional group richness (Hooper and Dukes 2004; Marquard et al. 2009; Tilman et al. 1997a) greatly influence the biodiversity effects. The consensus is that differences between species in functional traits, rather than SR per se, can enhance total resource capture (Cardinale et al. 2012) , but experimental evidence that links trait differences to biodiversity effects is limited (but see Flynn et al. 2011) . One of the outstanding questions is whether the average trait value of the community (community weighted mean [CWM] ) or the diversity in traits is more important for the complementarity effects. Given the fact that resource complementarity is based on differences among species, one would expect that trait diversity is more important than the mean trait value. However, few studies that linked the traits of the species to community performance found that CWMs explained more variation in biomass (Finegan et al. 2015) and biodiversity effects (Roscher et al. 2012 ) than functional diversity. However, these studies mainly focused on aboveground traits, whereas resource complementarity is predominantly expected to occur belowground. Indeed, recent studies showed that the inclusion of root traits can be important for predicting monoculture and mixture biomass (Hernandez and Picon-Cochard 2016; Roscher et al. 2012; Schroeder-Georgi et al. 2016) . Revealing the importance of root traits for mixture community biomass is a next step, which we aim to tackle in the current study.
Here we investigate the importance of root traits for positive biodiversity effects by linking key root traits to complementarity effects in plant mixtures, focusing on RD. We used a pool of 16 plant species to establish communities of four species that differed in average RD as well as in diversity of RDs-ranging from only shallow rooting species to only deep rooting species. In addition, we grew all monocultures and 16-species mixtures. We assessed biodiversity effects of the mixtures, based on above-ground biomass production, after one growing season. Other root traits, such as specific root length (SRL) (Fort et al. 2013 (Fort et al. , 2014 Leuschner et al. 2013; Ryser 2006; Schroeder-Georgi et al. 2016) , root mass density (RMD; amount of root biomass per soil volume) and root tissue density (RTD) (Craine et al. 2001; Leuschner et al. 2013) , which could represent alternative nutrient acquisition strategies, increasing resource exploitation (Bardgett et al. 2014; Mommer et al. 2015; Ravenek et al. 2016; Roumet et al. 2006 Roumet et al. , 2016 , were measured in a separate greenhouse experiment (15 weeks) and included in the community trait diversity analyses, together with RD. Although a specific trait may be a key trait in resource complementarity, it is likely that multiple traits influence resource complementarity so that a certain trait combination of root traits could best predict the increased biomass in mixtures. We tested whether root trait composition (community trait averages) and trait diversity are linked to complementarity effects. In addition, we tested whether specific plant species contribute significantly to complementarity effects and compared their trait values with those of the other species.
MATERIALS AND METHODS

Common garden experiment
A common garden experiment consisting of 198 plots was established in April 2014 at the experimental fields of Wageningen University, The Netherlands (51°99′N 5°66′E). Average annual temperature is 10.2 ± 0.7°C, with an average annual precipitation of 847.3 mm (www.klimaatatlas.nl). The original field soil was removed until 80 cm below the field margin and replaced with a mixture of pure river sand and soil from an old field (3:1) in the upper 50 cm layer, and pure river sand in the lower layer (50-80 cm depth). The topsoil layer (0-50 cm) was rather nutrient poor (Table 1) . Wooden frames were pushed into the soil (22 cm deep) to create plots of 70 × 70 cm 2 . The plots were arranged in 3 blocks with each 3 rows of 22 plots. Within the blocks, the distance between the plots was 80 cm in the length direction and 100 cm in the Sixteen grassland species were grown in monocultures (96 plots), 4-species mixtures (90 plots) and 16-species mixtures (12 plots). The design focused on variation in traits and responses within the 4-species mixtures rather than the effect of SR. Each block contained 16 monocultures (all species), 15 different 4-species mixtures (3 of each RD treatment) and two different 16-species mixtures (differing in planting positions and planting abundance, i.e. number of individuals, of the species) replicated twice. The positions of the plots within each block were randomized. The species used are perennial grassland species, of which eight are grass species and eight herb species (Table 2 ). All species occur in the vegetation class Molinio-Arrhenatheratea, a class of moderately nutrient-rich hay meadows (Schaminée et al. 1996) . Species were selected to have a gradient in maximum RD (van Duuren et al. 2003) . Due to seed contamination in Leontodon hispidus, two species of the same genus, Leontodon hispidus and Leontodon autumnalis, were present in the experiment. Therefore, the experiment contained 17 species instead of 16, but we will continue to refer to '4-species mixtures' and '16-species mixtures', as the two Leontodon species shared one position in the design. For both species, however, we use separate trait and biomass values in the analyses outlined below, based on the number of individual plants per plot.
We explicitly used the root trait RD as a factor in the design of our study. Therefore, 4-species communities were designed to cover a gradient in RD. RD was taken mainly from 'Biobase 2003 ' (van Duuren et al. 2003 ) that used five maximum RD classes: 0-0.10 m, 0.10-0.20 m, 0.20-0.50 m, 0.50-1.00 m and >1.00 m, based on Kutschera (1960) , Kutschera and Lichtenegger (1982) , Beringen and Wiertz (1986) and Ellenberg (1952) . We classified species with maximum RD values between 0.10 and 0.50 m as shallow species and species with a maximum RD deeper than 0.50 m as deep species for our experimental design. We created 4-species mixtures with five levels of RD by randomly selecting four, three, two, one or zero shallow-rooting species (or vice versa, deep rooting). The plant communities were established by planting 5-week-old seedlings, similar in size (~ 2-5 cm shoot, depending on the species and ~5-10 cm deep roots) and grown on the same soil as used in the field, in a grid of 8 × 8 plants (64 per plot) to ensure similar overall plant densities in each plot. This plant density is similar to other biodiversity experiments with planted seedlings (e.g. Berendse et al. 2015; van Ruijven and Berendse 2003) . The inner grid of 6 × 6 plants was used for harvests. In the 4-species mixtures, the positions of the species within a plot were assigned randomly, with equal density of each species. In addition, we maximized interspecific competition by planting species such that individual plants were standing directly next to plants of all other species present. The species positions in the 16-species mixtures were also chosen randomly. The 16-species plots were planted in six different random positions (with two replicas), to account for plant neighbour effects. In the first months after planting, sprinklers were used in dry periods to prevent seedling desiccation. All plots were frequently weeded to maintain species composition.
In September 2014, above-ground biomass was harvested per plot per species. The plants were clipped 2 cm above the soil surface. The biomass samples were washed to remove sand and oven dried for 48 h at 70°C.
Greenhouse experiment
Individual plants of the same plant species as used in the common garden experiment were grown in the greenhouse in Wageningen, The Netherlands. Most species grew from January 2015 onwards, but three species (Sanguisorba officinalis, L. hispidus and Ranunculus sardous) followed 3-5 weeks later due to slow germination. All plants were grown in 3 L (19 cm diameter; 15.5 cm high) pots, one plant per pot, with a similar mixture of pure river sand and field soil (3:1) as the common garden experiment (see Table 1 for soil characteristics). The temperature in the greenhouse was set to 17/19°C (18.3 ± 1.5°C) respectively following an 8-to 16-h dark-light cycle. Growth lamps (600 W; ~80 µmol m −2 s −1 ) were automatically turned on when light levels were lower than 85 W m −2 during the day. The pots were watered two to three times per week from below to maintain a moisture content of about 17.9 (±2.3)% (gravimetric; slightly above field capacity). The replicates, 10 pots with 1 plant per species, were divided over 10 blocks and placed in a random position within the block. After 15 weeks, the plants were harvested and the roots were washed. All green, fully developed leaves were scanned with a leaf scanner (Li-3100 Area Meter) to determine specific leaf area (SLA). A representative root subsample of 50 mg fresh material was taken from each plant for the root trait measurements (see below). Only fine roots (< 2 mm) were included in the root trait measurements. Root storage organs of S. officinalis were thereby excluded. The root samples were stored in 70% ethanol before they were rinsed and coloured with neutral red (0.07 g L -1
) for 24 h. They were scanned at a resolution of 600 dpi (EPSON Perfection V700/V750 3.92) and analysed automatically with WinRHIZO (Pro V 2013e). All fresh plant material was dried for 48 hours at 70°C and weighted.
Selection of root traits
We measured root traits that represent different aspects of the root system and are potentially linked to belowground resource complementarity (Bardgett et al. 2014, Hernandez and Roumet et al. 2016; SchroederGeorgi et al. 2016) . As potential morphological key traits, we measured SRL (m g ). A high SRL (and low RTD) is associated with a more competitive strategy with higher mobile nutrient uptake and low longevity (Mommer et al. 2011; Ravenek et al. 2016; Ryser 2006) , while a high RTD reflects a more conservative and stress-tolerant resource acquisition strategy (Craine et al. 2001; Eissenstat 1992; Fort et al. 2013) , although these relations are not always consistent (Weemstra et al. 2016) . SRL appeared to be an important trait predicting monoculture biomass (Schroeder-Georgi et al. 2016) and potentially important for complementary water uptake (Barkaoui et al. 2016) . RD (m) was taken as an important root distribution trait (Lynch 1995) to reflect vertical differentiation in resource uptake (Berendse 1982; Fitter 1986; Mommer et al. 2010; von Felten and Schmid 2008; von Felten et al. 2012) , a potentially important trait in the positive biodiversity effect mechanism (Mueller et al. 2013; Hernandez and Picon-Cochard 2016) . RMD (g root L -1 soil) was used as a root performance measure, reflecting the root investment per soil volume of the pot. We included the SLA (m 2 kg −1 ) as an above-ground reference trait. CWM of SLA was the best predictor of biomass in Finegan et al. (2015) . SRL, RTD, RMD and SLA were measured in the greenhouse experiment, and RD was taken from maximum RD classes from literature (van Duuren et al. 2003) as mentioned above. In order to calculate a numeric species specific RD, we used the average of the maximum RD classes that were given by 'Biobase 2003 ' (van Duuren et al. 2003 , which were based on the lowest and highest maximum RD values found in Kutschera (1960) , Kutschera and Lichtenegger (1982) , Beringen and Wiertz (1986) and Ellenberg (1952) . We used 1.25 m for the highest class of >1 m to facilitate the calculation of community trait means and diversity (see below).
Calculations
We used the planted species abundance (relative density) to calculate CWMs and trait diversity, because we expected that early after establishment (one growing season in this case) the number of planted individuals provides a better estimate of abundance (of traits) than above-ground biomass. Moreover, above-ground abundance may not be similar to belowground abundance. Hence, relative abundance was 25% and 6.25% in 4-and 16-species mixtures respectively, for all species except the Leontodon species, for which the abundance was calculated based on the actual number of individual plants, as they shared one position in the design due to seed pollution (see 'common garden experiment' above). Trait diversity in plant mixtures, both for single traits and the five-root traits combined, was calculated as functional dispersion (FDis; Laliberté and Legendre 2010). We used FDis as the index for functional trait diversity, as it incorporates the dispersion or spread of trait values within the plant communities in relation to the average trait values (weighted mean distance to the weighted mean), a good proxy for trait diversity of the community, independent of its average. Moreover, FDis is independent of SR (Laliberté and Legendre 2010) . We did calculate other trait diversity indices-functional richness, Rao's Q, functional evenness and functional divergence (Mason et al. 2013; Villéger et al. 2008) , but these were closely correlated to FDis and did not change the results. All traits were first standardized (mean = 0, SD = 1) and checked for trait correlations in order to include only uncorrelated traits (Lefcheck et al. 2015; Villéger et al. 2008) . The functional diversity indices were calculated with the 'FD' package using R (3.1.3). The additive partitioning approach (Loreau et al. 2001 ) was used to calculate the biodiversity effects. The net effect (NE) measures the overall difference between the observed yield in mixture and the expected yield based on the mean of the monocultures. This effect is partitioned into complementarity effects (CE) and selection effects (SE) to distinguish between the average increase in species performance in mixture (CE) and the effects of highly productive species dominating species mixtures (SE). Here, we focus on CE as this effect is most closely associated with resource complementarity (Loreau and Hector 2001) . We used the relative CE (rCE; CE/mean monoculture biomass) to have a measure that is independent of differences in mean monoculture biomass (Craven et al. 2016) . NE, CE and SE were calculated within blocks, as the monoculture biomass was significantly lower in block one (ANOVA on monoculture biomass with block and species as fixed effects. Block: F 2,48 = 9.305, P < 0.001, independent of the species (F 30,48 = 0.8, P = 0.743 for block × species interaction).
Species performance in mixtures was calculated per plot using deviation (D i ) following Loreau (1998) . D i is the proportional deviation of a species yield in mixture from its expected yield:
The expected yield of a species (E i ) was calculated as its proportion of individuals planted in the mixture multiplied by its monoculture biomass. The advantage of using D i is that it is independent of SR and composition (Loreau 1998) , allowing comparison of 4-species mixtures and 16-species mixtures.
Statistical analyses
The effect of SR on community biomass was tested with a linear mixed model (LME), with SR as fixed factor and species composition as random factor. Differences between the SR levels were tested with pairwise comparisons (least significant difference; LSD). The same LME model was used for NE, SE and CE in 4-and 16-species mixtures.
Trait correlations were assessed using Spearman correlation coefficients, as the trait values were not always distributed normally. The relationships between complementarity effects (rCE) and CWMs or trait diversity (FDis) were calculated with an LME with rCE as dependent variable and the CWM or FDis as fixed factor (covariate), SR as fixed factor to test for potential differences between the 4-and 16-species mixtures and species composition as random factor.
To investigate whether complementarity effects depended on the presence of particular species, we used an LME with the presence/an absence of each species as separate fixed factors and species composition as random factor. We only included the 4-species mixtures in these analyses, as all species were always present in the 16-species mixtures. Species that were significant were included in a second LME in which interactions between species were also included, and the species effects were tested by pairwise comparisons. Species performance in mixtures (D i ) was analysed per species using an LME similar to the one described above for NE, CE and SE. The performance data (D i ) of Leucanthemum vulgare was log (x + 1) transformed to meet model assumptions. Statistical analyses were done in IBM SPSS Statistics 21 and in R 3.3.0 using the package 'nlme'.
RESULTS
Biomass patterns
SR had a positive effect on above-ground community biomass (F 2,63 = 4.5, P < 0.05; Fig. 1a ). Shoot biomass was significantly higher in the 4-species mixtures and 16-species mixtures than in the monocultures (t = 2.7, P < 0.01 and t = 2.2, P < 0.05, respectively) but did not increase from 4-species to 16 species mixtures (t = 0.7, P = 0.511).
Similarly, NE, CE and SE were significantly greater than 0 in 4-species and 16-species mixtures (F 1,51 = 11.3, P < 0.001; F 1,51 = 15.0, P <0.001; and F 1,51 = 39.7, P < 0.001 for NE, CE and SE, respectively; Fig. 1b ) but did not differ between 4-species mixtures and 16-species mixtures (F 1,49 = 0.6, ) was significantly higher in mixtures than in the monocultures. (b) Consequently, NE, CE and SE are >0 in both mixture types. Bars show means ± SE. P = 0.455; F 1,49 = 1.9, P = 0.174; and F 1,49 = 0.3, P = 0.565 for NE, CE and SE, respectively). On average, a large part of the NE was attributed to the CE (49% for the 4-species mixtures and 75% for the 16-species mixtures). Importantly, the 4-species mixtures showed a wide range in CE (from −46 to +109 g m −2 in 4-species mixtures and −25 to +88 g m− 2 in 16-species mixtures), indicating that complementarity depends on species composition.
Linking complementarity and traits
Species differed significantly in SRL, RMD, RTD, RD and SLA ( Fig. S1 ). No significant correlations between the traits were found (P > 0.143). Despite these differences in traits, no relationships between the relative complementarity effect (rCE) of the mixtures and their CWMs were found (Fig. 2) . Also functional trait diversity, based on single traits (Fig. 2) or the combination of traits (Fig. 3) , could not explain the variation in over yielding among communities.
Species effects on overyielding
In contrast to traits, we did find significant effects of species on rCE. Two species, the herbs Achillea millefolium and L. vulgare, had a significant effect on rCE but in opposite directions (Fig. 4) : in 4-species mixtures, the presence of A. millefolium enhanced over yielding (F 1,43 = 7.1, P < 0.05), while the presence of L. vulgare reduced it (F 1,43 = 4.1, P < 0.05). Interestingly, these two effects depended on each other (F 1,41 = 15.536, P < 0.001). The positive effect of A. millefolium on over yielding disappeared completely when L. vulgare was present (F 1,22 = 21.8, P < 0.001), whereas the presence of L. vulgare had no effect on rCE when A. millefolium was absent (F 1,31 = 0.1, P = 0.707). However, 16-species mixtures, in which both species are present, did show significantly positive rCE (t = 2.8, P < 0.01; Fig. 4) .
Although L. vulgare had a negative effect on rCE of the whole community, L. vulgare itself performed significantly better in mixtures than in monocultures (D i > 0; F 1,15 = 66.4, P < 0.001; Fig. 5 ). The same was true for A. millefolium. Also several other species-A. stolonifera, A. odoratum, F. pratensis, Festuca rubra and L. hispidus-performed overall significantly better in mixtures (F 1,15 > 4.5, P < 0.05). About the same amount of species performed worse in mixtures: A. elatius, B. media, G. mollugo, P. vulgaris, S. officinalis and T. flavescens (F 1,15 > 9.5, P < 0.01).
DISCUSSION
Overall, species mixtures performed significantly better than expected, and positive complementarity effects (CE) occurred. However, this could not be explained by gradients in root trait CWMs or root trait diversity. Instead, the CE depended on species composition. In particular, the presence and interactions of two particular species did explain differences in CE among mixtures.
A meta-analysis of Cardinale et al. (2007) showed that community productivity increased with increasing SR in 79% of the 44 biodiversity experiments included in the analysis. Indeed, our study confirmed these results: the community biomass increased with SR and we found significant biodiversity effects in the 4-species and 16-species mixtures. Notable is the low productivity compared with other experiments in Cardinale et al. (2007) : the monocultures yielded on average 115 ± 5 g m −2 compared with 226 g m −2 in literature. This is probably the result of the low amounts of nutrients in the soil (Table 1 ) and relative young age of the plants. Despite low productivity, NE was on average 0.21 in mixtures (30 ± 4 g m −2 NE of 142 ± 4 g m −2 community biomass), which matches the average NE of 0.26 (0.21-0.31 CI) that is found in other studies when comparing mixtures with their monocultures (Cardinale et al. 2007 ). In line with majority of studies, both CE and SE contributed to NE. The ratio between CE and SE in this study is smaller (1.0; 14 ± 3 g m −2 CE and 14 ± 2 g m −2 SE) in the 4-species mixtures than is usually found (1.9; Cardinale et al. 2007 ), but bigger (2.9; 29 ± 10 g m −2 CE and 10 ± 2 g m −2 SE) in the 16-species mixtures. However, interestingly, these positive CE occurred already after the first growing season, whereas several experiments have reported that positive biodiversity effects become only apparent after the second year (e.g. Fargione et al. 2007; Marquard et al. 2009; Tilman et al. 2001; van Ruijven and Berendse 2005) and increase in time (Cardinale et al. 2007) . Therefore, the relative contribution of CE to NE is fairly high compared with the first year of other experiments. More importantly, in our study, the 4-species mixtures showed a large variation in rCE, indicating that species composition influences complementarity effects substantially. In contrast to our hypothesis, the variation in rCE could not be explained by the root trait composition of the communities. Neither CWMs of several important root traits-RD, RMD, RTD and SRL-nor functional diversity in these traits (alone or in combination) showed clear relationships with rCE. There might be several explanations as to why we were not able to establish relationships between functional traits and complementarity effects, which can broadly be grouped into two categories: (i) the traits we used do not capture resource complementarity and (ii) other mechanisms than resource complementarity are more important for positive biodiversity effects. We will discuss these in detail subsequently.
Traits that capture resource complementarity
In our experiment, we focus on morphological traits associated with spatial resource uptake differences, which have been shown to be related to community biomass: RD (Hernandez and Picon-Cochard 2016; Mueller et al. 2013) , SRL (SchroederGeorgi et al. 2016) , RMD and RTD. In addition, traits related to temporal differences in nutrient uptake (phenology) could be important to include (e.g. Ebeling et al. 2014) . Additional insights in traits may come from studies focusing on competitive ability rather than complementarity. For example, Ravenek et al. (2016) found that high root growth rates (RGR) and high root length densities (RLD), rather than SRL, determine competitive ability. RLD is the product of two traits we Figure 2 : Complementarity effects (rCE) were not related to community trait averages (CWMs; left panels) or trait diversity (FDis; right panels). Species richness did not affect the results. For trait abbreviations, see Table 2 . used in our study (RMD and SRL) and as such less likely to contribute to explain complementarity effects, but including RGR (and relative RGRs in particular) in future studies may improve the predictive power of trait indices.
Trait values
Another reason why we did not find a link between root traits and complementarity effects may be that the trait values we used do not accurately reflect the traits in the actual mixtures.
Although we used RD values from a database that used multiple maximum RD sources, RD values in our experiment might have been different. Different species values would result in different community trait values, affecting the relationship between RD and rCE. Similarly, although we measured most of the traits on the same species (from the same seed populations) in a separate greenhouse experiment rather than obtaining them from databases, we cannot rule out that the trait values in the common garden experiment were different due to intraspecific trait variability or trait plasticity (Carmona et al. 2015; Jung et al. 2010) . More specifically, differences in abiotic conditions between the greenhouse experiment and common garden experiment may have affected the root trait values. In general, nutrient poor habitats stimulate root growth compared with shoot growth, resulting in an increased root mass fraction (Freschet et al. 2015) and root to shoot ratio (Boot and Mensink 1990; Forde and Lorenzo 2001) . Several studies showed that morphological root traits such as root diameter or SRL (Leuschner et al. 2013; Zobel et al. 2007) , root length (Ryser and Lambers 1995) , and RTD (Leuschner et al. 2013 ) could respond to nutrient changes. However, other studies have shown that root trait values are relatively stable within species. For example, variability in SRL in response to changes in nutrient availability has been shown to be relative moderate or even insignificant for fine roots (Boot and Mensink 1990; Freschet et al. 2015; Hutchings and de Kroon 1994; Poorter and Ryser 2015) . In addition to trait variability within a species due to responses to the environment, trait values might also vary within a root system of an individual plant, depending on root diameter (Drouet et al. 2005; Zobel 2003) , branching order (Picon-Cochard et al. 2012) or age (Drouet et al. 2005) . We cannot rule out that trait values differed between the common garden and the greenhouse experiment due to changes in root branching and the relative proportions of different orders in response to differences in environmental conditions (Hutchings and de Kroon 1994; Forde and Lorenzo 2001) and plant age (Drouet et al. 2005) between the greenhouse and common garden experiment.
Furthermore, compared with the greenhouse experiment, the species in the common garden experiment may have different trait values due to plastic trait responses to heterospecific neighbours. Indeed, several studies showed that trait values can change in plant mixtures compared with single plants or plant monocultures (Belter and Cahill 2015; Gubsch et al. 2011; Lipowsky et al. 2014; Mueller et al. 2013; Nord et al. 2011; Zuppinger-Dingley et al. 2014) . For example, plant SR has been found to increase SLA (Lipowsky et al. 2014) . Similarly, community RD distribution has been shown to change with SR (Hernandez and Picon-Cochard 2016; Mommer et al. 2010; Mueller et al. 2013; Skinner et al. 2006 ). Yet species-specific changes in RD distribution in plant mixtures remain unknown.
In general, information on how root trait values change in species mixtures is very scarce due to the fact that it is very : strong interactive effects of two species on rCE. In 4-species mixtures, rCE was increased by the presence of Achillea millefolium (Ach). The presence of Leucanthemum vulgare (Leu) strongly decreased the positive effect of A. millefolium. However, in the 16-species mixtures, which contained both A. millefolium and L. vulgare, complementarity effects were greater than in 4-species mixtures containing these two species (see also Fig. 1b) . Bars show means ± SE. difficult to identify roots in communities with multiple species. The lack of knowledge on whether and how root traits change in species mixtures, and how these changes depend on species identity and environmental conditions, makes it difficult to determine how root trait plasticity would change our results. Nonetheless, we think it is unlikely that trait value differences between the common garden and the greenhouse experiment are the main determinants of our results. We expect that other reasons (see paragraph above and below) are more likely to explain why we did not find a relation between root traits and complementarity effects. However, new experimental research, aimed at measuring trait values for a range of species under different abiotic conditions and in different competitive settings, will be needed to really determine the suitability of single trait values to predict species and community performance.
Alternative mechanisms
It is also possible that we did not find a relationship between traits and complementarity because resource complementarity is not the main mechanism underlying the observed positive biodiversity effects. There is empirical evidence for vertical differentiation in nutrient and water uptake among plant species (Berendse 1982; Fitter 1986; Parrish and Bazzaz 1976; Silvertown et al. 2015) , but perhaps it does not lead to increased NE and CE (Bachmann et al. 2015; Hernandez and Picon-Cochard 2016; Hoekstra et al. 2015; Mommer et al. 2010; Schultz et al. 2012; Turnbull et al. 2013; von Felten et al. 2009 ).
Several studies suggest that other mechanisms than resource complementarity are responsible for the positive biodiversity effect (de Kroon et al. 2012; Fischer et al. 2014; Yang et al. 2015) . In many cases, these mechanisms involve interactions with other organisms (Eisenhauer 2011) : the accumulation of species-specific pathogens at low diversity (Hendriks et al. 2013; Maron et al. 2011; Schnitzer et al. 2011) or increased beneficial soil biota (mycorrhiza) diversity in mixtures (Balvanera et al. 2006; Hiiesalu et al. 2014; König et al. 2010) . We assume that the effects of soil biota will become more important in the long term and that plant-plant interactions determined most of the patterns in productivity and biodiversity effects we observed in the first growing season, but we cannot rule out that soil biota played a role. Either way, traits that can capture the interactions with soil biota would constitute a valuable addition to a trait-based approach to explain positive biodiversity effects.
The importance of particular species for complementarity
The large variation in rCE that we observed in the 4-species mixtures shows that, similar to most other biodiversity studies (e.g. Avolio et al. 2014; Finegan et al. 2015; Hector et al. 2011; Hernandez and Picon-Cochard 2016; Hooper and Dukes 2004; Hooper et al. 2005; Tilman et al. 1997a) , not only SR but also species composition is very important for productivity and positive biodiversity effects. That differences among species are important for biodiversity effects is also clearly illustrated by the significant effects of two particular species on community rCE. Interestingly, both A. millefolium and L. vulgare strongly increased in performance in mixtures, but their effects on community overyielding were contrasting: rCE was strongly increased by the presence of A. millefolium but decreased by the presence of L. vulgare. The question is how to explain these effects. Both species had their root trait values in the central part of the range of trait values across all species (supplementary Fig. S1 ). Therefore, differences in root traits are unlikely to explain the important effects of A. millefolium and L. vulgare in mixtures. Interestingly, both species are from the same tribe (Anthemideae) within the Asteraceae family (Thompson 2007) . This suggests that they may share other important traits related to the rhizobiome (Wehner et al. 2014) or root exudates , which enhanced their competitive ability in this experiment, and affected the complementarity effects at the community level. Elucidating the traits associated with the success of these two species, and their contrasting effects on complementarity in mixtures, may enhance our understanding of the relationships between trait composition and positive biodiversity effects.
In conclusion, we show positive biodiversity effects in plant mixtures, but found no relationship between root trait diversity and complementarity effects despite a clear gradient in biodiversity effects across species compositions. Although the consensus is that functional differences are more important for biodiversity effects than SR per se, experimental evidence identifying the key functional differences remains limited. On the other hand, it is clear that species composition is important. This is illustrated here by the strong effects of two particular species from the Asteraceae family on rCE. Future research, investigating the traits of key species, in relation to the traits of the other species, may increase our understanding of the links between functional trait composition and biodiversity effects. This is likely to also shed light on the relative importance of resource complementarity and other underlying mechanisms for the positive biodiversity effects.
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